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a bulk nanocrystalline Ni–Fe alloy. In contrast to an increase in the full-width half-maximum (FWHM)
of the neutron-diffraction patterns for the coarse-grained Ni, the FWHM for the nanocrystalline Ni–Fe
alloy decreases with increasing the plastic strain, εP. The deformation with εP < 1.5% did not introduce a
residual lattice strain and a texture in the nanocrystalline Ni–Fe alloy, which were otherwise developed
in the coarse-grained Ni.

© 2008 Elsevier B.V. All rights reserved.
eutron-diffraction

Extensive efforts have been made to explore the deformation
echanisms of nanocrystalline (nc) metals and alloys with grain

izes less than 100 nm [1–11]. Previous studies, primarily based on
he molecular dynamics (MD) simulations and transmission elec-
ron microscopy (TEM) observations [5–16], have suggested that
arious competing deformation mechanisms, i.e., grain-boundary
GB) sliding, dislocation motion, mechanical twinning, may be
esponsible for the observed plasticity in nc metals and alloys,
n contrast to the dislocation pile-ups at the grain boundaries
or their coarse-grained (cg) counterparts. Recently, both in situ
nd ex situ X-ray diffraction techniques were employed to mon-
tor the structural evolutions in nc metals and alloys during the
lastic deformation [17–21]. The results indicate that dislocation
otions play a role during the plastic deformation of nc metals and

lloys, which is in an agreement with the MD simulations and TEM
bservations [5–16]. However, nc metals and alloys exhibit a very
ow capacity for the dislocation storage during the uniform plas-
ic deformation, as evidenced by the absence of the increase in the

icro-strain [19], and by the recoverable full-width half-maximum
FWHM) of the X-ray diffraction patterns upon unloading [17].
The micromechanics of the plastic deformation of nc metals and
lloys can be also studied by monitoring their intergranular resid-
al stress as well as the associated residual lattice strain, εh k l, in
ifferent h k l crystallographic planes. It is well established that the
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plastic deformation often introduces a grain-to-grain intergranular
residual stress in the polycrystalline cg metals and alloys, due to
the anisotropic elastic–plastic properties in different h k l crystal-
lographic planes of an individual grain in response to the applied
macroscopic strain, εM [22–26]. When a plastic strain is accumu-
lated, whether and how an intergranular residual stress at a grain
level could be developed in the nc metals and alloys were not well
studied [17,27]. The neutron-diffraction technique provides a pow-
erful tool to investigate the intergranular residual-stress evolutions,
as well as the associated texture developments during the plastic
deformation of polycrystalline metals and alloys [22–26]. Further-
more, neutron can penetrate through bulk nc Ni–Fe alloys without
causing any damage to samples, which is extremely helpful for
studying bulk materials. While due to the limited neutron flux, large
samples and long collection time will be required in neutron exper-
iments. In this study, an in situ neutron-diffraction technique will
be employed to study the uniaxial tensile plastic deformation of a
bulk nc Ni–Fe alloy under cyclic loading and unloading. For com-
parison, experiments on a conventional cg Ni metal under the same
loading and unloading condition will be performed.

The bulk nc Ni–18 wt.% Fe alloy with dimensions of 70 mm ×
70 mm × 3 mm was produced using a pulsed-electrodeposition
technique by Integran Technologies, Inc. Previous TEM observa-
tions indicate that the grain sizes of the as-deposited bulk nc Ni–Fe

plate range from about 2–50 nm with an average value of about
23 nm [8]. The conventional cg Ni metal (99.99%) was purchased
from Alfa Aesar. The samples were machined into dog-bone tensile
specimens, and were polished for the in situ neutron-diffraction
measurements. The tensile specimens have a gauge cross-section
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ig. 1. The schematics of the in situ neutron-diffraction experiments using SMART
yclic loading–unloading of a bulk nc Ni–Fe alloy (b). The neutron-diffraction patter
c Ni–Fe alloy fractured at macroscopic strain, εM = 2.9%, corresponding to a plastic

f 5 mm × 3 mm and a gauge length of 35 mm. In situ neutron-
iffraction measurements were performed using the Spectrometer
or Materials Research at Temperature and Stress (SMARTS) at the
ujan Neutron Scattering Center, Los Alamos National Laboratory.
s shown in Fig. 1a, an incident neutron beam with beam size of
mm × 6 mm has a direction of 45◦ relative to the loading axis of

he tensile specimens. The time-resolved spectra were measured
y two detector banks (banks 1 and 2), which were centered on
orizontal scattering angles of ±90◦. The transverse and longitudi-
al diffraction patterns can be simultaneously measured by banks
and 2, respectively. Cyclic loading–unloading was performed dur-

ng the uniaxial tensile test. A strain gauge was employed to monitor
he macroscopic strain, εM. As shown in Fig. 1b, the samples were
ncrementally loaded at a strain rate of 0.02 s−1, and were, subse-
uently, unloaded to about 100 MPa, where the neutron data were
ollected. To achieve a good statistics of the measured diffraction
pectra, the samples were held for 50 min at each step. For the nc
i–Fe alloy, the sample fractured at a plastic strain, εP, of 1.5% after
6 loading–unloading cycles. For the cg Ni metal, the sample did
ot fracture and the measurements were stopped after εP = 3.8%. It
hould be pointed out that the effects of loading frequency and the
ean load during cyclic loading–unloading were not studied in this

eport, which requires further work to elucidate the issues.
A single peak analysis of respective h k l reflections was per-

ormed. The (1 1 1), (2 0 0), (2 2 0), and (3 1 1) peaks were analyzed
y fitting a Gaussian function to the diffraction profiles, which yield
he intensity and the FWHM of these diffraction peaks. The inter-
ranular residual stress in different h k l crystalline planes causes a
ariation of the dh k l spacing in the respective h k l diffraction peak.
he residual lattice strain, εh k l, can be, therefore, calculated using
h k l = (dh k l − d0

h k l
)/d0

h k l
, where d0

h k l
is the d-spacing free from the

esidual stress [24].
Fig. 2 shows the diffraction intensity and FWHM of (1 1 1), (2 0 0),

2 2 0), and (3 1 1) peaks for both cg Ni and nc Ni–Fe as a function
f εP. Note that the diffraction intensity and FWHM were normal-
zed by the respective values of the samples free from the plastic
eformation. Comparing Fig. 2(a) with (b), the normalized intensity
f different diffraction peaks for the nc Ni–Fe alloy did not change
bviously with increasing εP, whereas the normalized intensities
f (1 1 1) and (2 0 0) peaks increase and the (2 2 0) peak decreases
or the cg Ni with increasing εP. These results indicate that plas-

ic deformation with εP < 1.5% did not introduce a texture in the
c Ni–Fe alloy. However, the (1 1 1) and (2 0 0) texture components
ere developed for the cg Ni, which agrees well with the previous

eports [25]. It should be pointed out that the plastic deformation
ith a large εP (i.e., 5%) introduces a texture in the nc Ni–Fe alloy,
and the tensile macroscopic stress (�M)–macroscopic strain (εM) curve during the
re recorded for 50 min when the sample was unloaded to about 100 MPa. The bulk
, εP = 1.5%.

particularly during the post necking plastic deformation, as studied
by the ex situ high-energy ×-ray diffraction [19].

The normalized FWHM shown in Fig. 2(c) and (d) indicates that
the normalized FWHM of the (1 1 1), (2 0 0), and (3 1 1) diffraction
peaks decreases slightly with increasing εP for the nc Ni–Fe alloy,
in contrast to the continuous increase with increasing εP for the
cg Ni metal. The FWHM of the (2 2 0) diffraction peak of the nc
Ni–Fe alloy shows a relatively large fluctuation. The plastic defor-
mation of the polycrystalline metals, i.e., the cg Ni metal in this
study, often leads to the peak broadening and a decrease in FWHM,
which is attributed to the reduction in the grain sizes and/or to the
increase in the dislocation density [28]. The observed decrease in
FWHM for the present nc Ni–Fe alloy could be due to the increase
in the grain sizes and/or to the reduction in the dislocation density.
Recent studies indicate that the plastic deformation causes a grain
growth in some nc metals and alloys [8,18–21,29,30], in contrast
to the grain size reduction for the cg materials. Grain growth was
also observed in the present bulk nc Ni–Fe alloy, as confirmed by
the ex situ TEM observations. The ex situ TEM observations in the
present bulk nc Ni–Fe alloys reveal that grains grow to about 60 nm
after tensile test. This stress-induced grain growth in the nc met-
als and alloys has been attributed to the grain-boundary migration
and/or grain rotation [8,18–21,28,29]. Since the plastic deformation
of the nc metals and alloys unlikely causes a reduction in the dis-
location density, the observed decrease in the FWHM of various
diffraction peaks with increasing εP can be, therefore, attributed to
the stress-induced grain growth in the nc Ni–Fe alloy.

The intergranular residual stress and the associated resid-
ual lattice strain often develop in the polycrystalline metals and
alloys, since the deformation of the individual grains depends on
crystallographic orientations, which are often anisotropic in the
elastic–plastic properties [22–26]. For example, a very strong resid-
ual stress in a (2 0 0) plane was often observed in the face-centered
cubic metals [25]. Fig. 3 shows the residual lattice strain, εh k l, in dif-
ferent h k l planes, as a function of εP for the cg Ni metal and the nc
Ni–Fe alloy, respectively. As displayed in Fig. 3a, during the initial
plastic deformation (εP < 0.1%), the ε2 0 0 increases rapidly for the
cg Ni. Further plastic deformation leads to a continuous increase
in ε2 0 0 to about 0.4 × 10−3. An obvious residual lattice strain was
also detected in the (2 0 0) and (3 1 1) planes. However, the plas-
tic deformation did not introduce any obvious εh k l in all of the

h k l crystallographic planes of the bulk nc Ni–Fe alloy (Fig. 3b).
Together with variations of the normalized diffraction intensity and
the FWHM shown in Fig. 2, these results imply that the deforma-
tion behaviors of the nc Ni–Fe alloy are different from those of the
cg Ni. Finally, it should be mentioned that the development of εh k l
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Fig. 2. The normalized intensity of the different diffraction peaks for the cg Ni metal (a) and nc Ni–Fe alloy (b), and the normalized FWHM for the cg Ni metal (c) and nc Ni–Fe
alloy (d), as a function of the plastic strain, εP. The dashed lines in (a)–(d) are guided to eye.
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ig. 3. The evolution of the residual lattice strain, εh k l , of different h k l crystallog
xperiments. The dashed lines in (a) and (b) are guided to eye.

as reported by Budrovic et al. [17] in a nc Ni metal with an average
rain size of 26 nm, and by Thilly et al. [27] in a Cu/Nb sandwiched
anocomposite, which was composed by a multiscale Cu matrix
mbedded by a Nd nanowire with a diameter of 267 nm. The origin
f the absence of the εh k l in the bulk nc Ni–Fe alloy is not clear at the
resent stage. One possible explanation is that the εh k l developed
uring the plastic deformation of the nc metals could be simul-
aneously relaxed by the grain boundaries, which may exhibit a

isco-elastic behavior [31].

In summary, the tensile plastic deformation of a bulk nc Ni–Fe
lloy during the cyclic loading and unloading process has been
nvestigated using an in situ neutron-diffraction technique. Mean-

hile, a cg Ni metal during the same loading process has been
planes for the cg Ni metal (a) and nc Ni–Fe alloy (b) during the in situ neutron

studied and compared. The plastic deformation of the cg Ni leads to
a texture development, an increase in the normalized FWHM, and
an accumulation of the residual lattice strain. In contrast, the plastic
deformation of the bulk nc Ni–Fe alloy with a plastic strain less than
1.5% did not introduce the texture and the residual lattice strain. A
decrease in the normalized FWHM, due to the stress-induced grain
growth, was observed in the bulk nc Ni–Fe alloy.
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